A common mitotic defect observed in cancer cells that possess supernumerary (more than two) centrosomes is multipolar spindle formation [1, 2] . Such structures are resolved into a bipolar geometry by minus-end-directed motor proteins, such as cytoplasmic dynein and the kinesin-14 HSET [3] [4] [5] [6] [7] [8] .
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In Brief
Reinemann et al. investigate kinesin-14 HSET force generation at the singlemolecule level and in microtubule bundles using optical tweezers. HSET contains both diffusive and processive single molecule properties that collectively move bidirectionally and antagonize Eg5 force generation in antiparallel bundles.
SUMMARY
A common mitotic defect observed in cancer cells that possess supernumerary (more than two) centrosomes is multipolar spindle formation [1, 2] . Such structures are resolved into a bipolar geometry by minus-end-directed motor proteins, such as cytoplasmic dynein and the kinesin-14 HSET [3] [4] [5] [6] [7] [8] .
HSET is also thought to antagonize plus-enddirected kinesin-5 Eg5 to balance spindle forces [4, 5, 7, 9] . However, the biomechanics of this force opposition are unclear, as HSET has previously been defined as a non-processive motor [10] [11] [12] [13] [14] [15] [16] . Here, we use optical trapping to elucidate the mechanism of force generation by HSET. We show that a single HSET motor has a processive nature with the ability to complete multiple steps while trapped along a microtubule and when unloaded can move in both directions for microns. Compared to other kinesins, HSET has a relatively weak stall force of 1.1 pN [17, 18] . Moreover, HSET's tail domain and its interaction with the E-hook of tubulin are necessary for long-range motility. In vitro polarity-marked bundle assays revealed that HSET selectively generates force in anti-parallel bundles on the order of its stall force. When combined with varied ratios of Eg5, HSET adopts Eg5's directionality while acting as an antagonizing force brake, requiring at least a 10-fold higher Eg5 concentration to surpass HSET's sliding force. These results reveal HSET's ability to change roles within the spindle from acting as an adjustable microtubule slider and force regulator to a processive motor that aids in minus end focusing.
RESULTS

FL-HSET Generates Weak
Force at the Single-Molecule Level FL-HSET was investigated at the single-molecule level using optical tweezers to determine the force generation and processive capabilities of the motor in a loaded environment ( Figure 1A ).
FL-HSET was able to generate force with structured stepping and a defined stall, or maximum force ( Figure 1B ). HSET runs do not have a traditional plateaued stall like kinesin-1, falling off abruptly after reaching a maximum force, as seen with other motors [18] [19] [20] .
Step sizes and dwell times were measured for forward and backward steps ( Figures 1C and 1D ). FL-HSET takes 8 nm steps, corresponding to the lattice spacing of tubulin dimers, with a smaller population of 16 nm steps. FL-HSET can also take backward steps $33% of the time. The average stall force of FL-HSET ( Figure 1E ) was very weak (1.1 pN) in comparison to that of kinesin-1 [17, 21] .
The force-velocity relationship exhibited by FL-HSET (Figure 1F ) was fit to a one-parameter force-velocity equation (Table S1 ) [22] , and the Boltzmann relation models the data well. The fitting also reveals that HSET is biochemically limited, which is consistent with previous kinetic analysis of Ncd [12] . The characteristic transition state distance of 10.4 nm is close to the measured step size of HSET and 9 nm working strokes from the three-bead optical trap assay [11] . As demonstrated in Figure 2 , FL-HSET at the single-molecule level has a diffusive nature.
Unloaded FL-HSET Moves Microns along Microtubules
The behavior of FL-HSET without the confines of the trap was investigated to evaluate the role of load in motor motility. Unloaded FL-HSET at the single-molecule level attached to a bead was evaluated using a video-tracking algorithm (STAR Methods). A representative trace of unloaded HSET is in Figure 2A . Strikingly, persistent travel over microns long distances is observed in both directions over a time span of minutes. Mean squared displacement (MSD) analysis was performed to parameterize whether the observed motion was directed or diffusive like ( Figure 2B ). In averaging the points over the first 20 s of each trace, the MSD was linear, with a calculated diffusion constant of 5.9 3 10 4 nm 2 /s. Figure 2C shows how dwell finding analysis was used to parameterize how far HSET moved before changing directions (STAR Methods).
Directional persistence of HSET was evaluated by measuring the distance traveled before switching directions ( Figure 2D ). From this analysis, FL-HSET has no directional bias as an unloaded single molecule (see Figure 2A) . The time spent traveling in either direction was evaluated similarly ( Figure 2E ). There is a substantial difference between the long-distance, unloaded diffusive-like motion and directed motility related to loaded force-velocity measurements, suggesting that loaded and unloaded HSET behave quite differently. Interestingly, calculation of an MSD from simulated 1D random walks reveals trajectories that are consistent with experiments, further showing that diffusion dominates unloaded transport ( Figure S1 ).
The unloaded assay was repeated on subtilisin-digested microtubules, in which the E-hook, or negatively charged C-terminal tail, is cleaved [19, 23] . Under single-molecule conditions with unaltered microtubules, 11% of beads (n = 65 beads) showed binding and apparent diffusive-like movement, as shown in Figure 2 . When the assay was repeated with digested microtubules, beads would not bind microtubules (n = 60 beads). These results reveal that the E-hook, most likely through electrostatic interactions, is necessary for initial binding and subsequent persistent HSET motility due to transient binding of the tail to adjacent E-hooks.
HSET Tail Domain Is Required for Substantial Transport
A tailless HSET construct (HSET-DT) was made to evaluate the role of the N-terminal tail domain in microtubule targeting, force generation, and processivity. Ncd's tail has been shown to be critical for microtubule-microtubule crosslinking and sliding [6, 8, 24] . We carried out unloaded experiments using HSET-DT ( Figure S2) . The results revealed a drastic decrease in velocity and overall motility (only moving 40% of the time) and switching to unidirectional motion (Figure 2A, inset) . In conjunction with FL-HSET on digested microtubules, these results suggest that the tail domain is necessary for consistent binding to microtubules and larger amplitude diffusive-like transport, as well as that the E-hook most likely plays an important role in maintaining HSET-microtubule association.
To determine whether the tail facilitates transient association or strong, tension-building binding to microtubules, we investigate HSET-DM (no motor) in rupture assays to observe bond lifetime at a defined force ( Figure 3A ; STAR Methods) [19] . Beads were trapped and positioned over a microtubule to facilitate attachment. Tethers were quickly pulled to a pre-defined force range and held until rupture. Lifetime and rupture force experiments on normal microtubules were fit to bimodal distributions ( Figures 3B and 3C ). Although the bond is short lived, the tail quickly rebinds the microtubule, allowing for multiple measurements, and reflects unloaded HSET's extended association with the microtubule, most likely through binding adjacent E-hooks.
Binding experiments were repeated on digested microtubules ( Figure 3D ) [23] . The lifetime and force at rupture measurements shifted favoring a single distribution ( Figures 3E and 3F ). We note that the observed probability distributions depend on the force range sampled, high or low force distributions; however, for our sampled forces, a general shift to lower lifetimes on digested microtubules ( Figure 3G ) is seen. The lifetime-force relationship was fit to the Bell model, which describes force dependent binding for biological interactions ( Figure 3G ) [25] . The distance to the transition state, which refers to the mechanical compliance of (E) The average detachment force, or apparent stall force, of HSET is 1.1 ± 0.34 pN (n = 100).
(F) Force-velocity data (error bars indicate the SEM) were fit to the Boltzmann kinetic model. See also Table S1 .
the motor, was calculated from each fit with values for HSET-DM of 0.52 nm (microtubules) and 0.92 nm (digested). Together, these results reveal that the tail interacts most strongly with the E-hook but also has some association with the microtubule lattice. Interestingly, the lattice interaction lifetime of 0.22 s is similar to the average dwell time between steps.
HSET Acts as a Force Brake against Eg5
Although the interplay of Eg5 and HSET has been investigated previously in cells [4, 7] , regulation of force generation in microtubule bundles has not been explored in vitro. To elucidate the role HSET plays with Eg5 in the spindle, an in vitro microtubule bundle assay with known microtubule orientation was utilized at different Eg5:HSET ratios ( Figure 4A ). Force-generating capabilities of HSET alone in bundles were investigated using $20 nM HSET ( Figure 4B ). As shown previously [6, 8] , parallel bundles become locked (red) with an antagonizing baseline signature. In anti-parallel bundles (blue), HSET generates a slow force ramp that plateaus at 2.2 pN. As discussed below, anti-parallel bundles formed with HSET alone can transport the cargo microtubule in both directions, suggesting that HSET can serve as a flexible microtubule crosslinker. Subsequently, different ratios of Eg5 were added to HSET bundles to evaluate HSET's effect on Eg5 force generation in bundles formed before trapping measurements took place (Figure 4C) . We characterized Eg5 bundle motility alone ($20 nM) and determined that under these conditions, the average plateau force for Eg5 was significantly higher at 6.8 pN. Next, the following Eg5:HSET molar solution ratios were employed through titrating Eg5: 10:1 (orange), 2:1 (yellow), 1:1 (green), and 1:2 (blue). HSET or Eg5 alone is shown in purple or red, respectively. We note that solution ratios may differ somewhat from ratios in bundle overlaps, and overlap lengths were not directly measured. Even so, although Eg5 at the single-molecule level is stronger (stall force of dimer $5 pN [17] , tetramer $2 pN [18] ) than HSET (stall force $1 pN), HSET appears to control the bundle force and velocity characteristics (see Table S2 ). Plateau forces remain around that of HSET alone in the combined assays. The plateau force increased from an average between 2 and 3 pN to almost 5 pN for 10:1 Eg5:HSET. Repeating the 1:1 ratio with Eg5:HSET-DT revealed a similar plateau force to 1:1 Eg5:FL-HSET, indicating that force and velocity braking is most likely dominated by the motor heads through a potential traffic jam mechanism (Table S2) or somehow altering Eg5 properties through the microtubule lattice (see Discussion) [26, 27] . Additionally, HSET-DT cannot form bundles, revealing that the tail domain is essential for bundle formation (Table S2 ) with HSET alone. Although similar braking via the motor heads was seen with and without the tail, the motors with tail domains can still crosslink microtubules and jam motor traffic. We note HSET may contain a second weak microtubule binding domain that does not appear sufficient to form bundles but, once formed, may contribute to the observed braking [28] .
To evaluate whether HSET's flexible motility has an effect when in combination with Eg5 in bundles, we evaluated the direction of bundle microtubule movement ( Figure 4D ). Bundle orientation was noted by polarity markings (STAR Methods), and the relative direction of cargo microtubule/bead movement was recorded. In anti-parallel bundles with HSET alone, the bead was persistently pushed and/or pulled out of the trap, indicating that teams of HSET motors can possibly move together in both directions in bundles. Here, ''push'' refers to the cargo microtubule moving the bead from the trap center and farther away from the substrate microtubule, and ''pull'' refers to the cargo microtubule moving the bead closer toward the substrate microtubule. In anti-parallel bundles with Eg5 alone, the bead was solely pushed through the trap. Since the bead is on the minus end of the cargo microtubule and Eg5 is plus-end directed, the cargo microtubule can only be pushed through the trap. Interestingly, in all cases where both HSET and Eg5 are in anti-parallel bundles, the bead is solely pushed through the trap, suggesting that Eg5 motility dictates HSET directionality within bundle overlaps. HSET's directional flexibility thus allows it to be compliant in bundles when a stronger motor is present. However, Eg5 does not overtake HSET in generating force. As shown in Table S2 , HSET's presence significantly decreases force generation in combined motor bundles. Together, these data show that HSET acts as a force brake against Eg5, but is also compliant, allowing others to dictate direction, permitting sensitive and complex force regulation in anti-parallel overlaps.
DISCUSSION
As single molecules, kinesin-14s of the animal kingdom (ncd, XCTK2, and HSET) do not exhibit properties that readily explain their capacity to self-assemble microtubule asters [5, 29] , regulate force balance within a bipolar spindle, or coalesce supernumerary centrosomes into two spindle poles [30] . Single molecules of metazoan kinesin-14s are typically regarded to be non-processive motors [8, 10, 12, 14, 16, 28, 31, 32] that generate negligible levels of force [14] . Our results are generally consistent with these previous findings, but we did observe human HSET to take multiple 8 nm steps and stall at 1.1 pN. These features would allow HSET to productively build up force on the scale of $100 nm. Also consistent with previous work [33] , we observed single unloaded HSET molecules to diffuse over microns-long distances. This diffusive motion is facilitated by the tail domain's interaction with the E-hook and may enable HSET to efficiently target critical architectures that it acts to remodel (such as bundles and asters) in addition to promoting its ability to generate entropic forces [33, 34] .
Closer examination of HSET's diffusive motion reveals key points. The experimental diffusion constant (D = 5.9 3 10 4 nm 2 /s) and the tail or motor domain lifetime (t > 0.25 s) suggest a step size d = O(2Dt) > 171 nm that is larger than the molecular size. Dwell times calculated from a $50 nm molecular size result in 20 ms lifetimes, much shorter than those observed for tail and motor domain binding. Given the persistent association of HSET with the microtubule, it is likely that multiple binding modes and dwell time periods underpin the diffusive-like motion. Another explanation is that low loads and the presence of the tail domain ''turns on'' motility but in a bidirectional manner, as seen in bundles. Such motion can masquerade as diffusion. HSET exhibited two novel activities in our two-microtubule assay: (1) alone, HSET promotes bidirectional sliding of anti-parallel microtubules, and (2) HSET determines the force magnitude that Eg5 generates in anti-parallel microtubule overlaps. The first result was unexpected, as HSET and Ncd have only been reported to drive unidirectional sliding [8, 33] . Our ability to detect bidirectional motion is most likely due to the sensitivity of our optical trap assay, in which small backward motions of microtubules can be resolved. How HSET drives bidirectional sliding is not clear, but it could be caused by its propensity to take backward steps ($33%) or the result of an entropic force mechanism [33, 34] . Crosslinking microtubules with a motor element permits the generation of architectural elements with the strength of bundles while allowing for adjustments in length.
When Eg5 and HSET are simultaneously present in microtubule overlaps, our studies reveal that it takes a significant proportion of Eg5 relative to HSET to overtake HSET force regulation. Furthermore, Eg5 dictates sliding direction, whereas HSET regulates force and velocity. This is reflective of previous simulation results in which Ncd facilitates motility through successive forming and breaking of multiple intermediate contacts between the motor head and neck domains [35] , in contrast to a directed power stroke. Such guided, contact-dependent conformational change is supported by the long distance to transition state and large percentage of backsteps extracted in our single-molecule experiments. In contrast to a power stroke mechanism, turning on HSET may be more sensitive to subtleties relating to the local motor's orientation, local twisting, and proximity relative to the neighboring microtubule architecture. Our results suggest that direction can be controlled through neighboring motors. Here, Eg5 dominates the guided direction, but HSET determines the force magnitude. Strikingly, replacement of HSET with HSET-DT at a 1:1 ratio with Eg5 in bundles, along with the low force, short-lived interaction between the tail and microtubule, reveals that force and velocity braking is motor head associated and driven by potential mechanisms such as bundle traffic jams or potential disruption of the local microtubule lattice [26, 27] . Although tails interact weakly with microtubules and most likely do not contribute much to building up tension, their binding, and thus additional traffic backup, could also contribute to braking. Therefore, the major components that are likely to determine force regulation in bundles include opposition of Eg5 by HSET's motor heads, differing motor mechanics (power stroke versus guided diffusion) between Eg5 and HSET, and entropic contributions from overlap length and motor density.
Our work provides insight into why spindles lengthen upon kinesin-14 overexpression [4, 36] , rather than collapsing as expected from high-levels from a minus-end-directed motor. Yeast Kar3 has been proposed to align anti-parallel microtubules at the spindle equator, thus providing a suitable substrate for Cin8 to drive pole separation [36] . Work by Braun et al. shows that HSET dissociates infrequently from microtubule overlap zones as a consequence of its two microtubule-binding domains [33] , thus stabilizing an anti-parallel overlap zone. Another possibility is HSET's complex nature in bundles-being compliant with and resistive against Eg5. There may be a need to generate structures with the strength of bundled microtubules, but also permit sliding between microtubule elements to new overall lengths. Figure S3 and Table S2. Other kinesins are also known to toggle between diffusive and motile states, such as Eg5, in which motility is activated upon motor head interactions with two anti-parallel tracks [9, 37] . Since HSET moves with Eg5's direction, this flexibility could explain spindle elongation as opposed to shortening upon overexpression. A final consideration is that the processivity of HSET can be dramatically increased upon its multimerization via soluble, unpolymerized tubulin (S.R.N. and R.O., unpublished data). This mode of regulation may toggle HSET's function between microtubule sliding and/or cross-linking to long-range microtubule transport, as occurs during aster formation or centrosome clustering.
A B D C
In summary, the kinesin-14 HSET was demonstrated through single-molecule optical trapping to have a weakly processive nature. The tail domain is required for bidirectional movement and long-range motility through interacting with the E-hook. Thus, HSET can be diffusive like and processive simultaneously, and those qualities are important for HSET's function as a force regulator against Eg5 within the spindle. Future experiments that track the overlap lengths, numbers, and types of motors via fluorescence, and degrees of crosslinking present while monitoring force buildup and bundle dynamics will help define this subtle interplay [18] . Together, our results reflect HSET's ability to be physiologically relevant when centrosome number is not two, making it an attractive cancer therapy target.
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METHOD DETAILS Molecular Biology and Baculovirus Construction
HSET and HSET-DT were prepared using an HSET cDNA corresponding to Gen Bank Accession Number BC121041. HSET and HSET-DT plasmids were prepared in the baculovirus vector pFASTBAC-HTa (Life Technologies) for use with the insect cell expression system. HSET-DM was cloned into the bacterial expression vector pET15B (Novagen). Amino acid sequences of the tail, stalk, and motor domains of HSET/KIFC1 (H. sapiens kinesin-14) were determined by sequence alignment to Ncd (D. melanogaster kinesin-14) using [8] as a guide, and used to design pFASTBAC-HTa-EGFP-HSETDT. pFASTBAC-HTa-EGFP-HSETDT also contains a flexible amino acid linker (GGSGGS) to ensure rotational freedom between domains. Eg5 was prepared as described previously [38] , and activity was confirmed by a gliding filament assay with an average velocity of 0.5 mm/min at 50 nM. All constructs were prepared by isothermal assembly [40] . PCR fragments consisting of HSET amino acids 1-673 (pFASTBACHTa-EGFP-HSET, pFASTBAC-HTa-HSET), 139-673 (pFASTBAC-HTa-EGFP-HSETDT), or 1-304 (pET15B-HTa-EGFP-HSETDM) were generated by amplification of the HSET ORF (using pEGFP-C1-HSET as a DNA template [41] using Phusion DNA polymerase (New England Biolabs #M0530S). These fragments were then assembled into their expression vectors cut using the indicated restriction enzymes: pFASTBAC-HTa-EGFP-HSET: EcoRI/XhoI. pFASTBAC-HTa-EGFP-HSETDT, pFASTBAC-HTa-HSET: EcoRI/KpnI. pET15B-HTa-EGFP-HSETDM: NdeI/XhoI Constructs were used with the Bac-to-Bac system (Invitrogen) per manufacturers' protocol to create a baculovirus expressing the indicated protein.
Protein Expression and Purification
Constructs in the pFASTBAC-HTa vector were expressed in Sf9 cells by infecting them with the corresponding baculovirus for 72 hr. Constructs in the pET15B vector were expressed in BL21DE3 cells with 0.4 mM IPTG for 16 hr at 16 C. Each protein was purified via His 6 -affinity chromatography, followed by size exclusion chromatography, as follows: cells were pelleted and resuspended in PNI buffer (50 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole) with 5 mM b-mercaptoethanol (b-ME), 1% NP40, and protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 10 mg/mL each of leupeptin, pepstatin, and chymostatin). Cells were then lysed by sonication and clarified by centrifugation at 4 C at 35K rpm for 1 hr in a Ti-45 rotor (Beckman). 4 mL of Ni 2+ -NTA agarose (QIAGEN) were incubated with the supernatant for 1-2 hr, then washed extensively with wash buffer (PNI, 5 mM b-ME, 50 mM MgATP) for 3-4 hr. The proteins were then eluted from the Ni 2+ -NTA agarose column in PNI with 5 mM b-ME, 180 mM imidazole, and 100 mM MgATP. Peak fractions (5 mL total) were then subjected to size exclusion chromatography on a Hiload 16/60 Superdex 200 preparatory grade column (GE Healthcare) in gel filtration buffer (10 mM K-HEPES, pH 7.7, 1 mM DTT, 300 mM KCl, and 100 mM MgATP). Protein concentrations were determined in mg/mL using Bradford assays (BioRad) and converted to molar units assuming dimer formation. Powdered sucrose was added to 20% w/v, then each protein was aliquoted, snap frozen in liquid nitrogen, and stored at À80 C.
Microtubule Preparation
Tubulin was reconstituted and polymerized into microtubules as described previously [19] . Tubulin (bovine, Cytoskeleton TL238) was reconstituted in 25 mL PEM80 buffer (80 mM PIPES (Sigma P-1851), 1 mM EGTA (Sigma E-4378), 4 mM MgCl 2 (Mallinckrodt H590), pH adjusted to 6.9 with KOH) supplemented with 1 mM GTP (Cytoskeleton BST06) and kept on ice. Tubulin from PurSolutions (bovine, 1001) was also used and reconstituted in the supplied polymerization buffer. 13 mL PEM104 buffer (104 mM PIPES, 1.3 mM EGTA, 6.3 mM MgCl 2 , pH adjusted to 6.9 with KOH), 2.2 mL 10 mM GTP, and 2.2 mL DMSO were mixed. 4.8 mL of 10 mg/mL tubulin were added to the mixture and allowed to incubate for 40 min at 37 C. Subsequently, 2 mL of stabilization solution (STAB, 38.6 mL PEM80, 0.5 mL 100 mM GTP, 4.7 mL 65 g/L NaN 3 (Sigma S-8032), 1.2 mL 10 mM Taxol (Cytoskeleton TXD01), 5 mL DMSO (Cytoskeleton)) was added to the stock microtubule solution at room temperature.
Microtubules with their E-hooks digested by subtilisin were also prepared as described previously [19] . Digested microtubules were made by removing the C-terminal E-hook of microtubules with subtilisin. 7.5 mL of pre-formed microtubules were mixed with 0.75 mL of 20 mM subtilisin (Sigma P8038) and was allowed to incubate at 37 C for 40 min. To stop digestion, 0.8 mL of 20 mM PMSF (phenylmethanesulfonyl fluoride, Sigma P7626) in DMSO was added to the digested microtubule mixture. 2 mL of STAB solution was then added to the digested microtubules at room temperature.
Polarity-marked microtubules were prepared by making a brightly fluorescent microtubule seed and polymerizing dimmer tubulin from that nucleation point. The microtubule seed was formed using GMPCPP, a non-hydrolysable analog of GTP (Jena Bioscience NU-405L). Rhodamine-labeled tubulin (Cytoskeleton, TL590M) was used in different concentrations to denote the bright seed from the dimmer elongation. First, the seed was polymerized by mixing 13 mL PEM104, 2.2 mL 10 mM GMPCPP, 2.2 mL DMSO, 4 mL nonlabeled tubulin (10 mg/mL), and 1 mL rhodamine-labeled tubulin (10 mg/mL). The seed mixture was incubated at 37 C and allowed to incubate for 40 min. The elongation solution was made by mixing 13 mL PEM104, 2.2 mL 10 mM GTP, 2.2 mL DMSO, 2 mL non-labeled tubulin (10 mg/mL), and 1.5 mL rhodamine-labeled tubulin (1 mg/mL). The elongation mixture was incubated at 37 C for 1 min to ensure that the mixture was at least at room temperature. After the minute was complete, 1.5 mL of the seed mixture was added to the elongation mixture and allowed to incubate at 37 C for 40 min. Subsequently, 2 mL of STAB solution was added to the polarity-marked microtubules at room temperature.
Single Molecule Optical Trapping Assays 0.44 mm streptavidin-coated beads (Spherotech, Lake Forest, IL) were prepared by washing with phosphate-buffered saline (PBS) followed by sonication. These beads were then incubated in 0.2 mg/mL biotinylated anti-His tag antibody (QIAGEN, Hilden, Germany) to create anti-His coated beads. The beads were then washed 4 times with PBS by centrifuging at 10,000 rpm for 6 min to remove any unbound antibody. After gentle sonication, FL-HSET or HSET-DT constructs diluted in assay buffer (AB, PEM80 (80 mM PIPES (Sigma Aldrich, St. Louis, MO), 1 mM EGTA (Sigma Aldrich, St. Louis, MO), 4 mM MgCl 2 (Mallinckrodt, Dublin, Ireland), pH adjusted to 6.9 with KOH), 1 mM DTT (Sigma Aldrich, St. Louis, MO), 20 mM Taxol (Cytoskeleton, Denver, CO), 1 mg/mL casein (Blotting-Grade Blocker, Biorad, Hercules, CA), 1 mM ATP (Sigma Aldrich, St. Louis, MO))) were incubated with the biotinylated anti-His beads to allow binding of the N-terminal His-tag for 1 hr at 4 C on a rotator in the presence of oxygen scavenging reagents (5 mg/mL b-D-glucose (Sigma Aldrich, St. Louis, MO), 0.25 mg/mL glucose oxidase (Sigma Aldrich, St. Louis MO), and 0.03 mg/mL catalase (Sigma Aldrich, St. Louis, MO)).
Flow cells with an approximate volume of 15 mL were constructed by attaching an etched coverslip to a microscope slide with two strips of double-sided tape. Before flow cell construction, the etched slide was incubated with poly-l-lysine (Sigma Aldrich, St. Louis, MO) for subsequent microtubule attachment. After assembly, microtubules were diluted 100-200 times in PemTax (0.02 mM Taxol in PEM80), added to the flow cell, and incubated for 10 min. The flow cell was then washed with 2 volumes of PemTax to remove any unbound microtubules. Casein diluted in PemTax to 1 mg/mL was then added and incubated for 10 min to reduce any non-specific binding. 5 volumes of PemTax were then added to wash out any unbound casein, followed by 8 volumes of AB. 2 volumes of the bead/motor solution described above were then added to the flow cell.
Optical trapping measurements were obtained using a custom built instrument described previously [42] [43] [44] . Bead displacements from the trap center were recorded at 3 kHz and anti-alias filtered at 1.5 kHz. Position and trap stiffness calibrations were measured using custom Labview (National Instruments) programs. The single molecule limit of the assay was determined through serial dilution of the motor constructs such that fewer than half of the beads trapped bound to microtubules, with an actual binding percentage of about 10% [21] . In loaded motility assays, beads were trapped in solution where position and trap stiffness calibrations were performed. Subsequently, the bead was brought to a microtubule adhered to the coverslip surface to allow for binding. Displacement and force generation were then measured for single motor-bound beads. In unloaded motility assays, beads are trapped in solution and brought to a microtubule. The trapping laser in turned off, and the motion of the bead is then video-tracked with a DAGE CCD camera. Cross-correlation methods were used to track bead positions over time through custom MATLAB code [39, 43, 45] . The step/dwell finding algorithm was used to determine preference for motility in either direction. Here, a step threshold of 200 nm was used to account for geometric wobble of the 440 nm bead through the tethering point. Sequential steps in the same direction were added together until the step changed directions, where the process was repeated until the end of the trace. Mean squared displacement (MSD) analysis of unloaded traces was performed using the MATLAB plug-in msdanalyzer [46] . MSDs were then averaged over 1 s intervals.
Tail binding measurements were obtained by pulling on beads tethered to microtubules through the tail domain. The tail domain was tethered to streptavidin beads by a 1,010 base pair DNA linker functionalized with biotin on one end and a terminal amine on the other. The 1,010 bp DNA linkers were created as described previously [19] . The amine was further crosslinked to anti-His antibody (GenScript, Piscataway, NJ) using sulfo-NHS/EDC chemistry (ThermoScientific), as described previously [19] . The diluted beads in a 100 mL volume were incubated with 1 mL of diluted 100x diluted DNA linker (25 ng/mL stock) and 1 mL 100x diluted tail-stalk (10 mM stock) for 1 hr. Flow cells were created as described above. In the final step, the tethered beads were added. Beads were then trapped in solution and brought close to microtubules to allow for tether formation. The piezostage was then moved in 200 nm steps at 2 mm/s to sufficiently elongate the DNA tether and impart force on the interaction, holding the interaction at a desired force. Single ruptures were characterized through a single, uninterrupted return to baseline after the force ramp.
Measurement of force generation in polarity-marked microtubule bundles was performed as described previously [19] . Briefly, fluorescent polarity-marked microtubules were added to a poly-l-lysine coverslip in a flow cell and allowed to incubate for 10 min. After washing with buffer, casein was used to block the remainder of the surface to prevent non-specific binding and incubated for 5 min. While the first two steps incubated, diluted 1.25 mm streptavidin coated beads were incubated with concentrated biotin seed microtubules (minus end biotinylated seed formed with GMPCPP, non-labeled tubulin polymerized from the seed to form an elongation) in the presence of oxygen scavenging reagents. The bead/microtubule solution was then diluted 100x, and the appropriate ratio of motor (Eg5:HSET) was added. The bead/microtubule/motor solution was then quickly added to the flow cell. Force and displacement measurements were recorded within 30 min of the final addition. Bundle orientation was determined by knowing the location of the trap center (streptavidin bead will only by the biotinylated minus end of the top microtubule) and the relative location of the fluorescent polarity marked microtubule on the bottom.
Calibration and trap stiffness data were used to determine the displacement and force generation with resolution at the nm and pN levels, respectively. Motility traces, and stall forces therein, were visualized using custom-written MATLAB code as described previously [42] [43] [44] . Other codes were used to determine lifetimes, velocities, run lengths, and force-velocity relationships. A step/dwell-finding algorithm based on a sliding Student's t test was used to determine the edge of each step so that a dwell was defined in between [47] . Decay constants were used to describe dwell times. A step threshold of 3 nm was imposed due to the defined step sizes of most kinesins being around 8 nm but also allowing for variation without detecting noise. The force-velocity behavior of FL-HSET was calculated by averaging force over 5 s windows, and the average velocity for each window was calculated using a linear fit. The data were then fit to the one parameter Boltzmann model [22] .
QUANTIFICATION AND STATISTICAL ANALYSIS
All experiments were repeated until convergence and high N to ensure that the data were robust. Histograms are presented as probability distributions for that certain event to occur. Average and standard deviation are reported throughout the paper and figure legends. Error bars are standard error unless stated otherwise. The N value for each experiment is reported in each figure. N represents: number of stalls (Figure 1E ), number of steps ( Figure 1C, Figure 2D ), number of dwells ( Figure 1D, Figure 2E ), number of run length measurements (Figure 2D ), number of lifetime measurements ( Figure 3B, Figure 3E ), number of rupture events (Figure 3C, Figure 3F ), number of parallel bundle measurements (Figure 4B ), number of anti-parallel bundle measurements ( Figure 4B ), and number of mixed bundle traces ( Figure 4C ). In the custom written algorithms used for analysis, a sliding Student's t test was used to determine boundaries (steps, dwells, stalls, change in direction) in each trace. One-way ANOVA was performed on unloaded velocity and run length between HSET and HSET-deltaT ( Figure S2 ), as well as plateau forces in different bundle ratios ( Figure S3) . p values are provided in figure captions and indications of non-significance (n.s.).
